Sulfur-containing materials are very attractive for the efficient decontamination of some heavy metals. However, the effective and irreversible removal of Cd 2+ , coupled with a high uptake efficiency, remains a great challenge due to the relatively low bond dissociation energy of CdS. Herein, we propose a new strategy to overcome this challenge, by the incorporation of Cd 2+ into a stable Zn x Cd 1-x S solid solution, rather than into CdS. This can be realised through the adsorption of Cd 2+ by ZnS nanoparticles, which have exhibited a Cd 2+ uptake capacity of approximate 400 mg g −1 . Through this adsorption mechanism, the Cd 2+ concentration in a contaminated solution could effectively be reduced from 50 ppb to < 3 ppb, a WHO limit acceptable for drinking water. In addition, ZnS continued to exhibit this noteworthy uptake capacity even in the presence of Cu 2+ , Pb 2+ , and Hg 2+ . ZnS displayed high chemical stability. Particles aged in air for 3 months still retained a > 80% uptake capacity for Cd 2+ , compared with only 9% uptake capacity for similarly-aged FeS particles. This work reveals a new mechanism for Cd 2+ removal with ZnS and establishes a valuable starting point for further studies into the formation of solid solutions for hazardous heavy metal removal applications.
Introduction
While cadmium (Cd) is a widespread and essential element as a component of electric batteries, pigments, coatings, electroplating solutions etc., it is also considered as one of the most harmful heavy metals, due to bioaccumulation in the food chain and its toxicity to humans and other species (Clemens et al., 2013) . Cd 2+ accumulation has been reported at levels up to 578 mg/kg in Hunan-grown rice from China (Qu et al., 2016) , where the World Health Organization's (WHO) maximum guideline concentration is 1 mg/kg. The WHO limit for Cd 2+ concentration acceptable for drinking water is 3 ppb (Water and Organization, 2006) . In addition, the Environmental Bulletin of China, in 2016, reported that the average excess of cadmium in the marine fishery waters was 3.4%. Cd 2+ contamination in both soil and water environments has thus become a serious threat to food safety and public health and, therefore, effective removal of Cd from the environment has become an urgent problem that needs to be solved.
Sulfur-containing materials are very attractive for efficient decontamination of heavy metals, e.g. Hg 2+ , Pb 2+ , Cu 2+ , from contaminated water, owing to the strong affinity between these metals and S (Zhang et al., 2016; Ma et al., 2016a; Su et al., 2019) . The formation of CdS is commonly regarded as the main mechanism for Cd 2+ removal by sulfur-containing materials. Iron sulfide (FeS) is the most used sulfurcontaining material in the treatment of groundwater and soil contaminated with heavy metals, due to its ubiquitous presence, strong affinity, facile synthesis and being less affected by interfering ions (Xiong et al., 2009) . Sulfide precipitation and ion exchange with Fe 2+ have been considered as the two possible mechanisms for removing heavy metals by formation of CdS (Gong et al., 2016) . However, FeS is not thermodynamically stable and may suffer from corrosion in water. FeS can also react with water to generate hydrogen sulfide, leading to a loss of S 2− , and eventually decreasing the removal capacity for heavy metals (Mansurov et al., 2018) . In addition, Fe 2+ can be oxidized to Fe 2 O 3 , which would significantly inhibit any ion exchange functionality for heavy metal removal. Although various techniques have been explored in order to enhance the uptake capacity of FeS for heavy metals (Hg 2+ , Cu 2+ , Pb 2+ , and Cr 5+ ) (Kim et al., 2011; Su et al., 2015; Wu et al., 2017; Zhang et al., 2019a) , it is still demanding to significantly increase removal rates of Cd 2+ . This may be caused by the relatively low bond dissociation energy (BDE) of CdS, when compared to other metal sulfides (Table 1) (Luo, 2007) . The low BDE value could allow CdS to be easily oxidized to soluble CdSO 4 , thus leading to the reversible release of Cd 2+ (Pujalte et al., 2015; Gao et al., 2015) . Therefore, the development of novel strategies for the effective and irreversible removal of Cd 2+ remains a great challenge (Ma et al., 2016b) .
The application of FeS for Cd 2+ removal has hitherto relied on the reaction between Cd 2+ and S 2− to form CdS by precipitation. However, the chemical instability of FeS and the high re-release rate of Cd 2+ from the thus-formed CdS could significantly reduce the expected efficiency of Cd 2+ removal. To the contrary, Zn 2+ is relatively stable and is not easily oxidized, because zinc is not, strictly, a member of the 'transition' elements, owing to its filled d shells (Lennartson, 2014; Martin-Gonzalez et al., 2006) . Additionally, Zn 2+ has similar ionic radius to Cd 2+ and could thus inhibit Cd 2+ adsorption (Gao et al., 2018) . As a typical solid solution semiconductor (Zhang et al., 2019b) , ZnCdS is much more stable than CdS (Wang et al., 2018a; Bailey et al., 2017; Zeuthen et al., 2019) . ZnS may have a different removal mechanism from FeS and thus be able to exhibit superior performance for the removal of Cd 2+ . To date, there have been several studies on the removal of heavy metals using ZnS (Fang et al., 2018; Sahoo et al., 2014) , although only limited research has been conducted to evaluate the effectiveness of ZnS for Cd 2+ removal. Moreover, none have systematically investigated the underlying mechanisms for Cd 2+ removal.
Herein, we propose a new strategy to address the aforementioned challenges for Cd 2+ removal, by employing ZnS as a nano-capture agent. It is hypothesised that removal of Cd 2+ is through the formation of a solid solution, Zn x Cd 1-x S. This material exhibits better thermodynamic stability than CdS, which would reduce the re-release of Cd 2+ and provide excellent resistance to interfering ions. In an attempt to explain the exceptional affinity of ZnS for Cd 2+ capture, the mechanism for the formation of solid solution ZnCdS is investigated systematically by Rietveld structure refinement, high-resolution transmission electron microscopy (HR-TEM) and Raman analyses. This work provides a new perspective on the capture of Cd 2+ from water, and highlights the use of solid solutions as promising applications for the remediation of Cd 2+ contaminated environments.
Materials and methods

Synthesis of sulfide nanoparticles
FeS and ZnS nanoparticles were synthesized using pre-established methods (Xiong et al., 2009; Wu et al., 2017) . Briefly, N 2 -purged deionized (DI) water was firstly prepared by bubbling N 2 (> 99.9%) into DI water for 30 min, in order to remove dissolved oxygen. This N 2purged DI water was further used throughout the synthesis process. Previously-prepared 0.043 M FeSO 4 solution (10 mL) was added to the N 2 -purged DI water (52.5 mL) under continued N 2 purging and constant stirring, after which pre-prepared 0.085 M Na 2 S solution (5 mL) was then added dropwise, forming a suspension of FeS nanoparticles. The suspension was then centrifuged, the supernatant discarded and the nanoparticles further washed, separated and vacuum dried for 24 h under 60°C. ZnS nanoparticles were also prepared by the same process, although employing ZnSO 4 as the source of cations.
Cadmium nitrate (CdN 2 O 6 · 4H 2 O) was dissolved in DI water with 5%vol nitric acid to prevent hydrolysis. This stock solution was then appropriately diluted to obtain solutions with target Cd 2+ concentrations (50 ppb & 600 ppm) for use in the adsorption tests. All chemicals used in the study were of analytical grade and purchased from Sinopharm Group Co., Ltd, Beijing.
Batch experiments
The first batch experiment was performed in order to evaluate the Cd 2+ removal abilities of FeS and ZnS from two different contaminated waters. The initial concentrations of Cd 2+ were set at 50 ppb and 60 ppm in order to simulate polluted natural water (Pandey et al., 2019) and mining industrial waste (Addala and Belattar, 2017) , respectively. Experiments were performed with 20 mg of the adsorbents and 200 mL of Cd 2+ solution in 500 mL Erlenmeyer flasks under continuous shaking (120 rpm) at 25°C. No prior pH adjustment was performed for all of the experiments, because of the relatively stable pH ( Fig. S1 ). For the experiment with the initial Cd 2+ concentration of 50 ppb, 5 mL water samples were taken for Cd 2+ quantification at 0, 0.083, 1, 2, 5, 10, 24, 36, and at the end of the experiment, at 48 h. During the experiment conducted with the initial Cd 2+ concentration of 60 ppm, water samples (5 mL) were taken for analysis at 0, 0.083, 1, 2, Table 1 Bond dissociation energies (BDEs) (Luo, 2007) 5, 10, 24, 33, 48, 54, 72, 84 , and 96 h. The experiment ended after 96 h. In order to understand the Cd 2+ removal mechanisms, residual nanoparticles (ca. 20 mg) were taken at the conclusion of these batch experiments and dried in a vacuum oven (60°C, 48 h) for surface morphology analysis. After Cd 2+ adsorption by FeS, it is expected that the released Fe(II) be oxidized to Fe(III) in the presence of O 2 (t 1/2 < hours at pH 6-7) is this t 1/2 (halflife) or t = 1-2 hours or t = 1/2 h, by which process superoxide and peroxide anions can also be generated. Thereafter, CdS is hypothesised to be oxidized by the superoxide radical (·O 2 − ), hydroxyl radicals (·OH), singlet oxygen ( 1 O 2 ) and/or Fe(III). In order to understand the possible pathway of CdS oxidation, four inhibitors (1.5 mM carotene, 1.5 mM p-benzoquinone, 450 mM tert-butanol and 12 mM sodium fluoride) were added separately into each solution treated with FeS following the batch experiment with an initial Cd 2+ concentration of 50 ppm. Water samples (5 mL) were taken for analysis at 0, 0.083, 5, 10, 24, 33, 48, 72 and 96 h.
To understand the theoretical maximum Cd adsorption capacities of materials, adsorption isotherm experiments were conducted in 50 mL centrifuge tubes with 3 mg of the materials (FeS or ZnS) and 30 mL of Cd 2+ solution (10-600 ppm). In total, 12 centrifuge tubes were prepared for each material, which were constantly agitated for 48 h at 25°C. Adsorption data were fitted to Freundlich and Langmuir isotherm models (Table S1 ).
In addition to the evaluation of Cd 2+ adsorption capacity, three separate batch experiments were conducted in order to investigate possible effects on Cd 2+ removal from interference of co-existing metal ions, from Cd 2+ re-release, and from nanoparticle chemical stability. i) Mixed solutions, each containing six cations (Cd 2+ , Cu 2+ , Pb 2+ , Hg 2+ , Ca 2+ and Mg 2+ ), were prepared and the initial pH adjusted to 3. Initial Cd 2+ , Cu 2+ , Pb 2+ , Hg 2+ concentrations were set at 1 and 10 ppm and for each of these solutions, the concentrations of Ca 2+ and Mg 2+ were prepared at 60 and 600 ppm, respectively. Tests were carried out with 200 mg of each material (FeS or ZnS) added to 200 mL solution in 500 mL Erlenmeyer flasks, under continuous shaking for 48 h at 25°C. ii) In order to observe re-release of Cd 2+ , 200 mg of each material (FeS or ZnS) was added to 200 mL of Cd 2+ solution (500 ppm) in a 500 mL Erlenmeyer flask under continuous shaking for 48 h at 25°C. The FeS and ZnS nanoparticles (200 mg), after the reaction with 500 ppm of Cd 2+ , were then further continuously shaken for 24 h at 25°C, with 200 mL DI water in a 500 mL Erlenmeyer flask. iii) Comparison of the Cd 2+ removal capacities of freshly-synthesized and of aged nanoparticles was also conducted in this study. The aged particles were obtained by storing fresh materials in ambient air for three months. Tests were then carried out with 3 mg of each material and 30 mL of Cd 2+ solution (60 ppm) under continuous shaking for 48 h at 25°C. At the end of the experiment, 5 mL aliquots were taken from each flask in order to perform Cd 2+ concentration analyses. All batch experiments were conducted in triplicate under ambient conditions without further oxygenation or deoxygenation processes applied.
General analysis methods
Inductively-Coupled Plasma Optical Emission Spectrometry (ICP-OES) and Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) analyses were performed with a Perkin Elmer Optima 8300 (Massachusetts, USA) and an Agilent 7500A (California, USA), respectively, in order to determine the concentrations of cations and total sulfur (TS). SO 4 2− was analyzed spectrophotometrically (SmartChem200, AMS Alliance, Italy). The main form of sulfur was hydrogen sulfide (H 2 S) and sulfate (SO 4 2− ) in solution when pH was at 5-7 (Zhang et al., 2017a) . Thus, the concentration of H 2 S could be calculated by subtracting SO 4 2− from total sulfur. For sample preparation, the liquid was filtered through a Millipore Membrane Filter (MilliporeSigma, Massachusetts, USA) with an average pore diameter of 0.22 μm. Nitric acid was added until 1% acid concentration in the sample was reached. BET surface areas were determined by measuring nitrogen (N 2 ) adsorption/desorption isotherms at −196°C on an ASAP 2020 analyser (Micromeritics Instrument Corp., USA). An X-ray diffractometer (X'Pert³ Powder, PANalytical, Netherlands), operated at a tube voltage of 40 kV and a current of 40 mA with 1.2 s counting time per 0.02°2θ step, and a micro confocal Raman Spectrometer (LabRAM HR Evolution, HORIBA, France) were utilized to analyze the crystal structures and elemental compositions of the nanomaterials.
The Raman spectra of the sulfides, before and after reaction, were recorded using a He-Ne laser (λ =532 nm) with a monochromatic filter at room temperature, over the wavenumber range of 50 cm −1 to 2500 cm −1 . Scanning Electron Microscopy (SEM) and High-Resolution Transmission Electron Microscopy (HR-TEM) images of the nanoparticles were obtained with an S-3000 N (Hitachi, Japan) at 10.0 kV and a JEM-2100 (JEOL, Japan) equipped with an Energy-Dispersive Xray Spectrometer (EDS), respectively.
Results and discussion
Performance of Cd 2+ removal
Adsorption tests were conducted to evaluate the Cd 2+ removal ability of ZnS, compared with FeS, from two different simulated Cd 2+ contaminated waters. The initial concentration levels of Cd 2+ were 50 ppb and 60 ppm to simulate polluted natural water (Pandey et al., 2019) and mining effluent (Addala and Belattar, 2017 ), respectively. The WHO limit for Cd 2+ concentration in drinking water is 3 ppb (Water and Organization, 2006) and a limit of 100 ppb is set for industrial discharge (GB13456-2012) (Zhang et al., 2017b) . It can be seen from Fig. 1A and B that only ZnS achieved a sufficient Cd 2+ removal that the final purified water attained regulatory compliance. Although the FeS treatment reached the maximum Cd 2+ removal efficiency in the first hour, and met the WHO guidelines, the concentration of Cd 2+ then gradually increased and had far surpassed the regulatory standard by the end of the experiment.
The maximum adsorption capacities of FeS and ZnS for 48 h were determined by study of the adsorption isotherms (Fig. 1C) . The Langmuir isotherm model could better simulate the adsorption data than the Freundlich model (Table S1 ) and the corresponding correlation coefficients of the two adsorbents were above 0.99 (Table S2 ). ZnS showed the highest Cd 2+ adsorption capacity (401 mg g −1 ), which is ∼3.5 times higher than that (116 mg g −1 ) achieved by FeS. Existing sulfurfunctionalized substances from literature have been summarised along with their relevant Cd 2+ adsorption capacities (Table 2) , which further highlight the excellent Cd 2+ removal performance of ZnS. FeS exhibited rapid Cd 2+ adsorption kinetics within a wide range of Cd 2+ concentrations (50 ppb and 60 ppm), which is likely to be appropriate for such industrial wastewater treatment applications. It is noted that the FeS materials would require replacement within ca.1.5 h, in order to avoid re-release of Cd 2+ . ZnS requires a relatively long reaction equilibrium time but has an efficient and stable removal effect, suggesting that this material could be applied to longer-term environmental restoration projects, such as abandoned lakes, and derelict mining sites. Taking into account the relatively low cost of ZnS (0.09 $ kg −1 Cd removed), compared with other treatment technologies (1.4-950 $ kg −1 Cd removed) (Adeleye et al., 2016) (Table S3 ), this material might further be developed for the remediation of numerous heavy metal cations and perhaps merit more use in the future. For real-world applications, permeable reactive barriers (PRB) and fixed beds have been widely employed for intercepting contaminants, with various reactive materials being used as the medium . Therefore, these systems, coupled with ZnS as the adsorption medium, may become a promising strategy for the effective remediation of Cd 2+ , and which require further investigation.
Effect of Co-existing cations and stability studies
The sulfide nanomaterials were dispersed into the mixed metal cation solutions in order to test their removal efficiencies. As shown in Fig. 2A , under a low initial Cd concentration (1 ppm), other metal ions present having little effect on cadmium removal for both metal sulfides. ZnS and FeS both achieved around 99% removal for Cd 2+ , Cu 2+ , Pb 2+ and Hg 2+ even in the environment where Ca 2+ and Mg 2+ were 60 times the concentration of other heavy metal ions. Both materials exhibited low removal capacities (< 10%) for Ca 2+ and Mg 2+ . When the initial Cd 2+ concentration was 10 ppm (Fig. 2B) , ZnS still achieved a high Cd 2+ removal efficiency (> 99%) without interference by other metal cations. However, removal abilities by FeS for Cd 2+ showed a clear decrease to around 45%, the other metal cations present significantly inhibiting the removal rate. The continued low removal efficiencies for Ca 2+ and Mg 2+ may be caused by higher K sp values for CaS and MgS than that for CdS (Fang et al., 2018) . Therefore, Ca 2+ and Mg 2+ , as the common interfering ions in natural waters, appear to have little influence on the efficiencies of the sulfide nanomaterials for heavy metal removal. The synthesised ZnS nanoparticles exhibited more than a 99% Cd 2+ removal efficiency, even in the presence of various heavy metals at differing concentrations.
The low re-release rate of pollutants and high chemical stability are essential for practical applications in engineered remediation. Thus, we studied the re-release of Cd 2+ from FeS and ZnS nanoparticles after reaction and their long-term stability when stored in air. After reaction, FeS exhibited a higher re-release rate of Cd 2+ , the concentration of Cd 2+ reaching 8 mg L −1 after shaking in ultrapure water for 24 h (Fig. 2C ). After treatment with ZnS nanoparticles, there was almost no re-release of Cd 2+ . Fig. 2D illustrates the removal efficiency of Cd 2+ by aged metal sulfides, stored in air for three months. Compared with freshly-made sulfide nanoparticles, the aged ZnS still achieved > 80% removal efficiency of Cd 2+ , but only 9% efficiency was attained by the aged FeS. These results further illustrate that ZnS could be an efficient and reliable material for the removal of Cd 2+ .
Metal cation release
The formation of CdS precipitation by the consumption of hydrogen sulfide (H 2 S) is one important mechanism for the removal of Cd 2+ by sulfides (Gong et al., 2016) . Therefore, it is necessary to observe the amount of H 2 S released from the metal cations in order to investigate whether or not this is the mechanism responsible for the effects observed in this study. There was no H 2 S release, both in DI water and Cd 2+ solution, under ZnS treatment (Fig. S2) , and thus it can be concluded that formation of CdS precipitated with H 2 S is not the main (Watson et al., 1995) a The maximum adsorption capacities (q m ) were fitted by Langmuir or Freundlich isotherm models.
C. Wang, et al. Journal of Hazardous Materials xxx (xxxx) xxxx removal mechanism of cadmium with ZnS. Releases of metal ions and sulfate from sulfides during the adsorption processes are illustrated in Fig. 3 . The release of Zn 2+ from ZnS exhibited a gradually increasing trend while the concentration of Zn 2+ reached a maximum 80 h later (Fig. 3B) . The concentration of SO 4 2− released from ZnS also remained stable, the amount of sulfate release was small and there was no general upward trend over time.
However, Fig. 3A shows increases of Fe 2+ to a maximum concentration in the short term (the first hour) and then these values sharply decreased. With the re-release of Cd 2+ in the latter processes of FeS treatment, it is obvious that the trend of SO 4 2− release has the same tendency as that for Cd 2+ . By comparing the release of SO 4 2− and the removal of Cd 2+ during the reaction, it can be posited that FeS nanoparticles re-released Cd 2+ , after partial oxidation of CdS to form soluble CdSO 4 (Pujalte et al., 2015; Gao et al., 2015) , but the mechanism in this oxidation process needs further exploration. It is clear that Fe 2+ can be oxidized to Fe 3+ in the presence of sufficient O 2 , by which process superoxide and peroxide can also be generated. In principle, O 2 can be activated to form a variety of reactive oxygen species including the superoxide radical (·O 2 − ), hydroxyl radicals (·OH) and singlet oxygen ( 1 O 2 ) (Badwey and Karnovsky, 1980) . It is imperative to clarify which species is actually generated to provide the oxidative function. We conducted the tests by utilising several scavenger materials. Carotene, p-benzoquinone, tert-butanol and sodium fluoride can efficiently inhibit the generation of 1 O 2 , ·O 2 − , ·OH and Fe 3+ , respectively (Long et al., 2013; Wang et al., 2018b; Hotta et al., 2012) . Fig. 3C shows the trends of Cd 2+ concentration with FeS treatment in the presence of the various scavenger molecules. The addition of four different scavengers could all inhibit the re-release of Cd 2+ . Carotene exhibited the strongest inhibition of Cd 2+ re-release at minimum added levels, suggesting that 1 O 2 contributed the most to the oxidation of CdS to CdSO 4 . ·O 2 − , ·OH and Fe 3+ are also involved in the oxidation process.
Proposed Cd 2+ removal mechanisms
The results of experimental batch tests indicated that the removal mechanisms towards Cd 2+ , of the two sulfides studied, are different. Fig. S3 illustrates the result from SEM-EDS analysis of samples, where significant increases in elemental Cd after the experiments can be clearly observed from the spectra (Fig. S3B and D) , confirming that cadmium was successfully adsorbed onto the surface of the sulfide. The BET surface areas of FeS and ZnS were determined to be 6.94 and 9.51 m 2 g −1 , respectively. Compared with the huge difference in removal efficiencies of FeS and ZnS, the difference in BET surface area is not that significant, and there is little correlation, for both sulfides, between the capture ability of Cd 2+ and BET surface area. It is thus reasonable to assume that FeS and ZnS nanoparticles may possess different removal mechanisms for Cd 2+ .
XRD analysis was conducted in order to identify the compositions of the sulfides before and after reaction with Cd 2+ . Before reaction with Cd 2+ , as shown in Fig. 4A , the representative diffraction peaks at the positions of 34.50°, 49.59°and 53.03°matched well with the standard PDF card of FeS (JCPDS#01-086-0389), confirming that FeS was successfully synthesized. In addition, the representative diffraction peaks of FeOOH and Fe 2 O 3 were also identified in the product. These are common impurities in the fabrication process of FeS (Qiu et al., 2016) . After reaction with Cd 2+ , the formation of CdS may be clearly observed.
The peaks of 28.91°, 48.11°, 57.11°and 77.83°(JCPDS#01-080-0020) in the XRD pattern ( Fig. 4B-1) were identified in the new ZnS composites before Cd 2+ adsorption. After Cd 2+ adsorption, those peaks at 28.47°, 47.28°, 56.10°and 76.37°are very close to those for Zn 0.9 Cd 0.1 S (JCPDS#00-024-1137). The peak intensities significantly increase after reaction, which may be attributed to changes in particle morphology (Inoue and Hirasawa, 2013) .
This suggests that the Cd might incorporate into the ZnS lattice by substitution for Zn. Further Rietveld structure refinements of the Fig. 2 . Removal efficiency of various cations by FeS and ZnS in mixed competing cation solutions. Initial concentration of (A) Cd 2+ , Cu 2+ , Pb 2+ , Hg 2+ is 1 ppm, Ca 2+ , Mg 2+ is 60 ppm and (B) Cd 2+ , Cu 2+ , Pb 2+ , Hg 2+ is 10 ppm, Ca 2+ , Mg 2+ is 600 ppm. Sample dosage is 1 g L −1 . (C) Concentration of released Cd 2+ from sulfide nanoparticles after reaction. (D) Capacity retention of sulfide nanoparticles for Cd 2+ removal after exposure in air for 3 months.
C. Wang, et al. Journal of Hazardous Materials xxx (xxxx) xxxx original ZnS and Cd 2+ -loaded ZnS samples were conducted using the TOPAS software (Bruker Corp., USA), based on a ZnS standard structure (ICSD#107150), and the results are presented in both Fig. 4B and Table S4 . Analysis indicated that the lattice parameters for the ZnS sample were: a = 3.8015(58) Å and c = 63.160(86) Å respectively. The same parameters for the material after Cd 2+ adsorption were 3.8125(93) Å and 63.42(14) Å, respectively. This quantitatively confirms that Cd substituted for Zn in the adsorbent host and enlarged the lattice parameters, presumably due to the larger ionic radius of Cd 2+ (0.95 Å) than that of Zn 2+ (0.74 Å) (Shannon, 1976) . From the XRD results, it can be preliminarily concluded that FeS removed Cd 2+ by generation of CdS, while ZnS formed the compound Zn x Cd 1-x S (x < 1). However, because some of the peaks are adjacent, more characterization is required in order to draw more robust conclusions.
Further insights into the morphology and the crystal symmetry dynamics of the sulfide particles were gained from HR-TEM micrographs and from Raman spectroscopy. The HR-TEM images clearly present well-defined lattice fringes from the FeS and ZnS nanoparticles, indicating a high degree of crystallinity of the prepared materials (Fig. 5) . The lattice fringe with the spacing of 2.43 Å corresponds to the (020) plane of CdS and could be observed on the HR-TEM images of FeS after reaction (Fig. 5A ). 3.13 Å is the lattice spacing of the crystalline plane (111) of Zn 0.9 Cd 0.1 S (Fig. 5B) .
Raman analysis is very sensitive to atomic bond vibration, through which very low levels of impurity may be identified (Kumar et al., 2018) . Therefore, Raman spectroscopy is a useful tool to intuitively reflect whether the Cd removal process was a reaction between lattices or carried out by directly generating another substance such as CdS. It is interesting to note that the Raman spectral peak shapes, positions and intensities for FeS differed significantly before and after reaction. The characteristic bands of FeS at 308 and 672 cm −1 (Wang et al., 2018c) were observed in Raman spectra of FeS before reaction (Fig. 5C ). The Raman band position at 305 cm −1 originates from CdS (Mahdi et al., 2014) . In contrast to the Raman spectra of FeS, no new peaks representing CdS emerged after reacting ZnS with Cd 2+ , although changes in the position and intensity of peaks occurred (Fig. 5D ). The characteristic band of ZnS is very close in position around 350 cm −1 (Sethi et al., 2010) . The shifts in Raman patterns for ZnS may result from trace impurities or from defects in the lattice . As shown in Fig. 5D , the peak positions of ZnS are found to shift towards lower wavenumber (345 cm −1 ) and the peak intensites increased after Fig. 3 . The concentration of Cd 2+ , and the released amount of their counterpart metal ions and sulfate from sulfides A) FeS and B) ZnS during the reaction. Initial Cd 2+ concentration is 60 ppm, adsorbent dosage is 1 g L −1 . C) The concentration of Cd 2+ with FeS treatment in the presence of various scavenger molecules. Reaction conditions: initial pH = 6, 1.5 mM carotene, 1.5 mM p-benzoquinone, 450 mM tert-butanol and 12 mM sodium fluoride. Plots on the right are enlargements of boxed portions illustrated on the left. the reaction with Cd 2+ . It has been previously reported (Sethi et al., 2010) that there is a significant wavenumber decrease, along with increases in intensity, in the vibrational modes observed with increasing amounts of Cd in ZnS alloy nanocrystals. Substitution of the lower atomic weight Zn atom by a Cd atom will change the peak intensity. It can be concluded that Zn x Cd 1-x S (x < 1) is the main product after the removal of Cd 2+ by ZnS.
With reference to the results of XRD, HR-TEM and Raman spectral analyses, the proposed removal mechanisms of Cd 2+ with FeS and ZnS nanoparticles can be summarised as follows ( Fig. 6) : 1) Chemical precipitation between Cd 2+ and H 2 S and formation of CdS is the main mechanism of removal of Cd 2+ by FeS, but that the CdS precipitated will then be partly oxidized to soluble CdSO 4, leading to Cd 2+ re-release.
2) The formation of Zn x Cd 1-x S (x < 1) dominates the process for the removal of Cd 2+ by ZnS nanoparticles. It has been reported that Zn x Cd 1-x S (x < 1) has a 0.3 eV higher binding energy (BE), compared with CdS, and that it possesses a solid solution structure, which could facilitate electron transport from S to Zn and Cd, so that Zn x Cd 1-x S (x < 1) is more stable than CdS . Therefore, ZnS exhibits greater Cd 2+ removal capacity, higher chemical stability, a low re-release rate of the removed Cd 2+ , and is less prone to interference from many other heavy metal ions present in solution.
Conclusion
In this study, we proposed a new strategy for the highly efficient and irreversible removal of cadmium from water through the formation of solid solution Zn x Cd 1-x S. ZnS nanoparticles, exhibited a high Cd 2+ sorption capacity of 401 mg g −1 , which is higher than those previously reported for other materials. Moreover, this is achieved with negligible re-release of bound Cd 2+ . We have demonstrated that the extremely high capacity and strong affinity for Cd 2+ could be ascribed to the formation of a solid solution, Zn x Cd 1-x S (x < 1), which possesses better thermodynamic stability than CdS. For further applications, in addition to the previously-mentioned combination with PRB and fixed bed adsorption units, ZnS might be actively combined with other, relatively mature, materials such as biochar, magnetic oxides, etc., in order to synthesize more stable, dispersible, efficient or recyclable materials. This work opens possible new routes to the highly efficient and irreversible removal of heavy metals through the formation of solid solutions. We anticipate that our efforts will benefit future research in the remediation of contaminated environments. Fig. 4 . Powder X-ray diffraction analysis of (A) FeS and (B) ZnS before and after reaction. In panel B the experimental data (orange and red lines) were overlaid with the best Rietveld structural refinement (blue lines), and the gray lines are difference patterns). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). C. Wang, et al. Journal of Hazardous Materials xxx (xxxx) 
